Introduction
Endogenous sources of DNA damage, such as DNA replication or reactive oxygen species (ROS), can cause a diverse spectrum of DNA lesions 1 .
Among these, DNA double-strand breaks (DSB) are considered one of the most cytotoxic and can promote oncogenic translocations if not properly metabolized.
DSBs are repaired by two major pathways; non-homologous end-joining (NHEJ) and homologous recombination (HR) 2, 3 . The MRE11 complex, composed of meiotic recombination 11 homolog (MRE11), Nijmegen breakage syndrome 1 (NBS1) and RAD50, is a DSB sensor that regulates the DNA damage response (DDR) and repair of DSBs . Break detection by the MRE11 complex activates the ataxia telangiectasia mutated (ATM) kinase, that promotes a robust DDR that includes the activation of checkpoint kinase 2 (CHK2) and the tumor suppressor p53 5 .
NBS1 has no identifiable enzymatic activities and appears to function primarily as an adaptor protein required for MRE11 complex nuclear localization. NBS1 has a Forkhead-associated (FHA) domain and two BRCA1
C-Terminal (BRCT) domains, involved in phospo-dependent protein interactions, in its N terminus and an MRE11 and PI3K-related protein kinase (PIKK) binding domain in the C-terminus 6, 7 . The latter domain interacts with ATM and is required for an efficient apoptotic response in the immune system 7, 8 .
Mutations in any MRE11 complex members or ATM underlies rare genetic instability syndromes with overlapping pathologies that affect the central For personal use only. on April 1, 2017 . by guest www.bloodjournal.org From nervous system, germline and immune system 4, 7 . NBS1 mutations cause
Nijmegen breakage syndrome (NBS) 7, 9, 10 , characterized by microcephaly, growth and mental retardation, immunodeficiency and predisposition to cancer 11 . This syndrome highlights the importance of the DDR in the development and function of the central nervous and immune systems.
Immunological defects in NBS patients are poorly understood. T and Bcells have been the major focus, as V(D)J and class switch recombination (CSR), result in the production and repair of DSBs to facilitate immunoglobulin development 12, 13 .
Macrophages play a critical role during pro-(destructive) and antiinflammatory (repairing) phases of inflammation [14] [15] [16] . Recently, it has been found that when an inflammation is produced, Ly6C high monocytes are released by the bone marrow to fight pathogenic intruders at inflammatory loci throughout the body 17 . Macrophages may experience DSBs during the proliferation and also during activation, as they are the major producer of NO and ROS, that can induce these and other lesions 18 . This suggests that the proper control of DNA damage repair and proliferation is likely to be important in macrophages 19 and could be affected by mutations in the MRE11 complex.
To address this possibility, we examined the role of NBS1 in macrophages using mice that express a hypomorphic allele of Nbs1, Nbs1
. Nbs1
∆ B/∆B mice express a truncated allele that lacks the N-terminal FHA and BRCT domains that are crucial for cell cycle checkpoints, DNA damage sensitivity and efficient ATM signaling 8, 20 . 
Reagents
Murine recombinant IFN-γ, M-CSF, GM-CSF and IL-4 were purchased from R&D Systems (Minneapolis, MN), CpGB was purchased from InvivoGen (San Diego, CA). All chemicals used were of the highest available purity grade from Sigma-Aldrich (St Louis, MO), unless stated otherwise.
Bone marrow-derived macrophages culture BMDM were generated as described 21 . A homogeneous population of adherent macrophages was obtained after seven days of culture (>99% CD11b and F4/80). 
RNA extraction, qPCR and PCR

Western blot protein analysis
Western blotting was performed as described 23 using antibodies against NBS1
(Novus Biologicals), ATR (Cell Signaling), CHK2 (EMD Millipore), β -actin (Sigma) and LC3 (Sigma).
Telomere length
DNA was extracted using the Blood and Tissue kit (Qiagen) and DNA was amplified by qPCR reaction with telomere specific primers and control primers (Table S1) , as described
24
.
Metaphase spreads
BMDM were incubated with colcemid (0.1 μ g/ml) for 30 min to 1 h. BMDM were swelled in 0.56% KCl for 15 min at 37°C and then fixed in ice-cold fixative (methanol and acetic acid, 3:1) and washed several times in fixative.
Metaphase preparations were spread on pre-cleaned glass slides, dried at RT and stained with DAPI in mounting medium 25 . 100 macrophages were scored per genotype.
Macrophage proliferation, cell cycle and DNA content Proliferation was measured as described 21 . For cell cycle analysis, 10 6 cells were plated with 3 ml of 10% FCS DMEM and incubated for 16 hours before the addition of stimulants. Cells were collected after 24 hours fixed with 95% EtOH, 
Reactive oxygen species (ROS)
ROS production was measured using dichlorofluorescin diacetate (DCF-DA) as described 24 .
Sterile inflammation
Mice were injected intraperitoneally with 2×10 6 
Results
NBS1 levels in macrophages are regulated by pro-inflammatory stimuli and M-CSF
Despite the high levels of DNA damage that occur in macrophages, the impact of attenuated MRE11 complex function has not been investigated 28, 29 . To address this, we first examined the expression of Nbs1 in macrophages to determine if it was modulated by different stimulatory agents. We obtained Nbs1 mRNA levels (Fig. 1A) were observed. However, after IFN-γ, LPS or M-CSF treatment, the levels of NBS1 protein were increased (Fig. 1B) . The changes in total NBS1 protein levels were specific, as the total levels of ATR, KU80 and CHK2 (other DSB responsive proteins) were unaffected by macrophage stimulation (Fig. 1C) . To determine if the increase was due to the expression of alternative mRNA transcripts, we conducted a qualitative PCR analysis using primers that spanned the 2491bp Nbs1 mRNA (NM_013752.3).
In each case, we observed the same size and expression level, regardless of stimuli ( Fig. S1 ). While the mechanism of protein stabilization during pro- 
Nbs1 is required for M-CSF-dependent proliferation in macrophages
The MRE11 complex plays important roles in suppressing DNA damage during S-phase 32 . To examine the influence of the MRE11 complex on macrophage proliferation, we treated macrophages with M-CSF that is crucial for both the differentiation and proliferation of macrophages 21 . Bone marrow was extracted from 6 to 10 week-old WT and Nbs1 For personal use only. on April 1, 2017. by guest www.bloodjournal.org From
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As M-CSF induced NBS1 protein levels (Fig. 1B) , we examined whether macrophage proliferation was affected in Nbs1 (Fig. 2B ). To discard the possibility that these differences were caused by an increase in DNA damage due to atmospheric ROS, experiments were repeated in a hypoxic chamber (1% O 2 ) and similar differences were observed between macrophages from WT and Nbs1
As macrophage proliferation was affected in Nbs1 In addition to suppressing replication associated DNA damage, the incubated with M-CSF or IFN-γ for 24 hours, and sub-G1/G0 DNA was measured following PI staining. Sub-G1/G0 levels were very low and no significant differences observed between WT and Nbs1 ∆ B/∆B BMDMs (Fig. 2D ).
The expression of Bcl2, a major pro-apoptotic gene, was also unaffected by genotype (Fig. 2E) . These results demonstrated that apoptosis was not affected by the Nbs1 ∆ B/∆B allele in macrophages, consistent with previous results in lymphocytes and brain 35, 36 , and thus decreased proliferation was not a consequence of increased cell death. (Fig. 3A) . The altered expression of these markers indicated impaired macrophage differentiation in Nbs1 4A ). In addition, Nbs1 ∆ B/∆B macrophages exhibited higher levels of chromosomal aberrations when compared to control macrophages at day 7 ( Fig. 4B and Fig.   S4 ) and this correlated with higher ROS levels (Fig. 4D) , reminiscent of the results in Fig. 1D 
Delayed differentiation in macrophages from
Enhanced inflammatory responses in Nbs1
∆ B/∆B mice.
For (Fig. 5A) . Also, the mRNA levels of pro-inflammatory and antiinflammatory genes were affected (Fig. 5B) . These results demonstrated that . This is not only due to inflammatory macrophage recruitment, but also to local macrophage proliferation that is M-CSF-dependent 41 . We injected zymosan in the peritoneal cavity of both WT and Nbs1 (Fig. 6B) . However, when we induced a sterile inflammation by zymosan injection, the percentage of macrophages was drastically decreased in the peritoneal cavity of Nbs1 
Discussion
Following pro-inflammatory stimulation, macrophages produce increased ROS that are able to extensively damage DNA [42] [43] [44] . Under these stimuli (IFN-γ or LPS) we detected increased levels of NBS1. In Nbs1 ∆ B/∆B macrophages this stimulation led to increased DNA damage that could be strongly reduced by the addition of NAC, indicating that the MRE11 complex was important for suppressing ROS induced DNA damage (Fig. 1D) . However, even in the absence of ROS inducing stimuli, the basal levels of DNA breaks were higher in (Fig. 4B and Fig. S2 ). The increased NBS1 protein levels observed in activated macrophages were due to post-transcriptional regulation, as we did not observe differences in mRNA levels following any of the treatments (Fig. 1A) . As little is known regarding the regulation of NBS1 protein levels, further studies will be required to elucidate the mechanisms by which NBS1 levels are controlled in macrophages. We believe they are likely to be somewhat specific, as no differences were observed in the levels of other DDR proteins, including ATR, CHK2 and KU80, following stimulation. Together, our results suggest that the MRE11 complex is crucial to prevent DNA damage in macrophages during replication and following pro-inflammatory activation.
In mice, the complete deficiency of Nbs1 led to embryonic lethality 7 .
Using a mouse model expressing a hypomorphic allele of Nbs1 20 that does not function has been linked to a variety of age related pathological outcomes including tumorigenesis and sterile chronic inflammation [47] [48] . Recent work has demonstrated that the MRE11 complex and ATM are critical for the innate immune response to cytosolic DNA in bone marrow derived dendritic cells (BMDCs) 49, 50 and in BMDM 51 . In response to cytosolic DNA generated by increased DNA damage or poly I:C, BMDCs activate the STING pathway to trigger SASP inducing inflammatory pathways mediated by IL-1β and the inflammosome 49, 50 . In this context, cytosolic DNA sensing has been attributed to ATM and interactions between RAD50 and the CARD9 protein 49 . The Nbs1 For
The SASP likely shares many common features with the interferonopathies. Both may originate from the malfunction of proteins involved in responding to DNA damage that can trigger large amounts of both Type I Interferons and inflammatory cytokines and their co-occurrence may be important to consider in human disease. These findings suggest the relationship between the SASP and interferon response, and the role of the DNA damage response, should be examined further in different types of immune cells.
In conclusion, our results demonstrate that NBS1 plays an important role in macrophage differentiation, proliferation and inflammatory responses in vivo.
Here we have described to our knowledge, the first functional macrophage defects resulting from mutations in Nbs1. As NBS patients present with immunodeficiency, which is a major health threat to these patients, a complete understanding of the role of the MRE11 complex in immune system development and homeostasis is essential and the role of macrophages in NBS pathology should be further considered.
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